The morphological stability of the solid-gas interface under conditions of diffusive transport of reactant species towards the surface during the chemical vapor deposition process is analyzed using linear and nonlinear perturbation theories. The Landau coefficient, which represents the nonlinear growth rate, is calculated using the direct method of undetermined coefficients. A dispersive relation is derived which relates the effects of species diffusive transport towards the growing interface, surface diffusion, and geometrical factors with the stability of perturbations on the interface. The resulting relation is applied to the diamond chemical vapor deposition process. Linear and nonlinear instability of the interface is obtained for diamond chemical vapor deposition conditions. Linear instability increases but the Landau coefficient becomes larger, indicating greater nonlinear stability as the reactor pressure increases, although both linear and nonlinear analyses suggest more stability as the reactor temperature increases. However, during typical diamond growth conditions, it is predicted that the diamond-gas interface is unstable to both infinitesimal and finite amplitude disturbances.
I. INTRODUCTION
The onset of morphological instability in the chemical vapor deposition ͑CVD͒ process and the critical properties that cause an initially planar interface to break down have been predicted by means of linear perturbation analyses. [1] [2] [3] [4] [5] [6] [7] [8] [9] In general, CVD constitutes a free-boundary problem for which the interface shape and position are unknown, and therefore the temperature and concentration fields at the gassolid interface are also unspecified. If the amplitude of the interface shape perturbation can be assumed to be infinitesimal, linear perturbation analysis may be applied to study the onset of interface instability. This approach has been adopted by a number of investigators in the study of CVD processes [1] [2] [3] [4] [5] [6] [7] [8] [9] and the analogous solidification problem. [10] [11] [12] [13] [14] [15] [16] Overviews of morphological linear stability analysis applied to the solidification problem are available. [17] [18] [19] Linear stability analysis predicts critical values of the governing parameters for the onset of instability. 20 The amplitude of the perturbation imposed on the interface is infinitesimal in this case. However, a linear analysis is limited in scope to predicting only the onset of instability; it cannot be used to analyze the possible evolution of the unstable planar interface to a nonplanar cellular interface. The exponential temporal growth rate of the perturbation predicted by linear theory is not suitable for describing the actual growth of the interface due to the fact that higher-order terms in the growth rate expression are neglected-terms that are not negligible once the interface shape deviates sufficiently far from planarity. In order to study the perturbation and growth behavior of an interface more accurately over a relatively longer period of time, it is necessary to retain higher-order terms in the growth rate, requiring a nonlinear analysis.
A number of investigations have been carried out to extend beyond the linear growth regime when examining the stability of a solidification growth front, [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] but the study of the nonlinear stability of a solid-gas interface during a CVD process has been reported in only one instance. 31 Three types of theoretical treatment of the nonlinear problem for the directional solidification of a binary alloy can be identified in the literature. One approach, using expansion methods, provides nonplanar interface solutions where the amplitude of perturbation is finite but very small. This is a weakly nonlinear method and was adopted by Wollkind and Segal 21 using a Stuart-Watson approach 22, 23 to study interface stability during the solidification of a dilute binary alloy. The Landau coefficient in the amplitude equation was calculated by means of an adjoint eigenvalue approach. Wollkind et al. 24 also studied the interface stability of a binary alloy using the direct method to calculate the Landau coefficient. They showed that, for the moving boundary problems under consideration, the direct method was superior to the adjoint operator method, particularly when the solution itself is desired in addition to the solvability condition.
A second approach has been to replace the full set of equations governing the system with a set of equations that are much easier to solve. These are the so-called geometrical 25 or boundary-layer models. 26 The essential feature of these models is that they approximate the temperature gradients at the interface, thereby eliminating the need to solve the equation governing energy transport. The problem is then reduced to solving a first-order nonlinear equation in one variable. The drawback to this approximation is that it ignores all global properties associated with the transport equation and at long times these models produce unphysical phenomena such as boundaries that cross. Nevertheless, this approach provides important insights into solidification processes.
The third approach has been full-scale numerical evaluation of the entire set of equations governing the solidification process. [27] [28] [29] [30] This approach avoids the problems of the approximations inherent to the two methods above, but the numerical effort required may be significant. Palmer and Gordon 31 examined the morphological stability of both oneand two-dimensional solid-gas interfaces well into the nonlinear regime during a CVD process. They developed a firstorder differential equation for the motion of the interface which was then integrated numerically to determine the boundary position as a function of time.
Mahalingam and Dandy 9 employed a linear perturbation theory to analyze the interface stability during the diamond CVD process, including diffusive transport of reactive species to the interface, surface reaction kinetics, and surface diffusion. In the present study, nonlinear perturbation analysis is applied to the CVD process with the inclusion of all relevant physical processes, including reactant gas-phase diffusion, surface diffusion, and surface reaction kinetics. An expression for the Landau coefficient is derived that incorporates surface diffusion, surface reaction kinetics, and the diffusive transport of species to the interface. The linear and nonlinear results are then applied to typical diamond CVD process conditions to explore the stability of the diamondgas interface.
II. FORMULATION
In this work, a convective diamond CVD process such as the direct current ͑dc͒ arcjet or combustion torch is studied using a two-dimensional stability analysis. These systems typically consist of a downward stagnation flow which transports the reactant species to the top of the boundary layer by convection. 32 Within the boundary layer, the species are transported to the substrate surface primarily by diffusion. A stability analysis is applied to the boundary layer region of these convective systems. Once the species are transported to the surface, they undergo surface reactions such as H atom abstraction and termination, and adsorption of CH 3 on the surface. 33 A description of such a chemical vapor deposition process must therefore contain four elements: ͑1͒ mass transport to the surface, ͑2͒ incorporation of individual species onto the surface by thermally activated kinetic processes, ͑3͒ mass transport along the solid surface by surface diffusion, and ͑4͒ re-evaporation of the adsorbed species into the gas phase. A schematic of the problem domain is shown in Fig.1 .
In this study, the following assumptions have been made to simplify the mathematical analyses: ͑1͒ The gas phase consists only of CH 3 , H, and H 2 . ͑2͒ The gas phase species are transported solely by diffusion in the boundary layer and deposited on the surface under isothermal conditions. It has been shown by Mahalingam and Dandy 9 that the Knudsen numbers of H in H 2 at pressures and temperatures typical of diamond CVD process are significantly less than unity, justifying the use of a continuum equation within the boundary layer to describe the transport of species to the gas-solid interface. The Knudsen number is defined as the ratio of the mean free path, , to the characteristic reactor scale, taken here to be the boundary layer thickness, L. The expression used to calculate for a mixture is defined by Reid et al. 34 The boundary-layer thickness, L, for the stagnation flow geometry may be evaluated using the proportionality of L with the gas phase temperature derived by Dandy and Yun. 35 They calculated that L ϰ P Ϫ1/2 and LϰT
, where P is the total pressure in the reactor and T is the gas temperature. Given a predicted value of Lϭ0.5 cm for a pressure of 30 Torr and a mean gas temperature of 1800 K within the boundary layer, 33 the boundary layer thickness, L can be calculated at other pressures and temperatures based on its proportionality on gas phase temperature and pressure.
͑3͒ Homogeneous gas phase reactions during diffusion in the boundary layer are excluded. This assumption is reasonable because the H and CH 3 concentrations drop by less than an order of magnitude within the boundary layer even when gas phase reactions are considered.
33
͑4͒ Re-evaporation ͑desorption or etching͒ of diamond is expected to be negligible. 36 Based on the assumptions stated above, the governing equations for the transport of H and CH 3 in the boundary layer are obtained from the species conservation equations, which reduce to the following form:
where D i is the binary diffusivity of species i in H 2 , C i is the gas-phase concentration, and the subscript i refers to CH 3 or H. Although the gas phase is a multicomponent mixture, the transport of H and CH 3 may be treated as binary due to the large excess of H 2 in the system. The boundary condition for CH 3 and H at the top of the boundary layer, that is, at zϭLϩV 0 t is given by
where V 0 is the constant mean velocity of the interface, t is time, and C i 0 is obtained from detailed stagnation flow calculations.
Methyl radicals transported to the surface by diffusion may be adsorbed, leading to the growth of diamond films. Therefore, from a mass balance, the flux of CH 3 to the sur- face must equal the net incorporation rate of that species at the surface. The boundary condition for CH 3 at the interface is given by
where the superscript s denotes the gas-phase concentrations of species at the surface, and the values of the parameters are taken from the literature: 37 k CH 3 ϭ1469.5 cm/s and bϭ5 ϫ10 Ϫ9 mol/cm 3 . As illustrated in Fig. 1 , n is the unit normal to the surface, directed into the gas phase.
Hydrogen atoms transported to the surface undergo abstraction and termination reactions. Mass conservation at the surface requires that the diffusive flux of H to the surface is equal to the surface/heterogeneous recombination rate of atomic hydrogen. 38 The boundary condition for H at the interface is therefore given by
where ␥ H is the recombination coefficient, that is, the probability that an H atom recombines when striking the surface, H is the mean thermal speed of an H atom given by ͑8RT/m H ) 1/2 , where m H is the molecular weight of atomic hydrogen, R is the gas constant, and T is the effective temperature of the gas phase, such that TϭT( s ϩT g )/2, where T s is the temperature of the substrate, and T g is the temperature of the gas at the top of the boundary layer, zϭL. The expression used in this work to evaluate binary diffusion of CH 3 and H in H 2 is taken from Dandy and Coltrin. 33 Convective diamond CVD processes such as the dc arcjet or combustion torch are high growth rate techniques. The concentration of H at the growth surface, C H s , is much larger than b, 37, 38 and consequently the boundary condition on CH 3 at the interface-that is, Eq. ͑3͒-reduces to the approximate expression
͑5͒
Because the boundary condition at the interface given by Eq. ͑5͒ involves only the concentration of methyl radicals at the surface, the governing equation ͑1͒ for the transport of CH 3 alone may be solved to fully describe the system. Therefore, in the following the subscript CH 3 will be dropped from C when denoting the concentration of CH 3 . The position of the interface, zϭ⑀(x,t)ϩV 0 t, is described by v(x,t), the component of the interface velocity coincident with n. When surface diffusion is considered, the following nonlinear equation may be derived for v:
where ⑀ (x,t) is an infinitesimal disturbance superposed on a flat interface, is the molar volume of diamond, ␦ is the length scale of a C atom ͑1.0ϫ10 Ϫ8 cm͒, ٌ s 2 is the surface Laplacian operator, is the surface curvature, and ␤Ј is the surface diffusion term given by
In this expression ⍀ is the molecular volume of diamond, is the surface tension, D s is the surface diffusion coefficient of carbon atoms on diamond, is the number of atoms per unit area of diamond surface, and k B is Boltzmann's constant. The curvature term in Eq. ͑6͒ represents a geometrical effect, also included in the Kardar-Parisi-Zhang equation. 39 The surface diffusion term present in Eq. ͑7͒ is similar to the ones derived by Mullins 40 and Muller. 41 For an interface of the form presented in Fig. 1 , n and v(x,t), are given by
where the subscripts x and t denote derivatives with respect to these variables. The curvature and the surface Laplacian ٌ s 2 in Eq. ͑6͒ are given by
A coordinate system is introduced that moves along with the interface at speed V 0 :
After nondimensionalization with a characteristic length scale l c ϭL, concentration scale C c ϭC CH 3 0 , and time scale t c ϭL/V 0 , and subsequent transformation to the new coordinate system, the governing Eq. ͑1͒ becomes
where the Peclet number is PeϭLV 0 /D CH 3 . In diamond CVD the Peclet number inside the boundary layer varies from 10 Ϫ11 to 10 Ϫ7 , depending on the processing conditions; generally, Pe has a positive correlation with the growth rate that may be achieved in a device. The boundary condition ͑2͒ at the top of the boundary layer, zϭ1, then becomes
Cϭ1, ͑14͒
and boundary condition ͑5͒ at the interface, zϭ⑀(x,t), becomes
where ϭk CH 3 /V 0 . The position of the interface ͓Eq. ͑6͔͒, zϭ⑀(x,t), is nondimensionalized to give
where ϭ C CH 3 0 and ␤ϭ␤Ј/L 3 V 0 .
The governing Eq. ͑13͒ along with boundary conditions ͑14͒ and ͑15͒, and the interface position Eq. ͑16͒ are applied to the stability analysis.
III. SOLUTION PROCEDURE
In order to study the nonlinear morphological stability of the diamond growth interface, a perturbation approach is adopted using the following steps: 11, 12 ͑i͒ obtain an analytical steady state solution for the unperturbed planar interface; ͑ii͒ impose an arbitrary finite amplitude disturbance on the initially planar interface, small enough that all terms of order higher than 3͑⑀Ͼ3͒ can be neglected ͑nonlinear perturbation analysis͒; ͑iii͒ obtain an approximate solution for the case of the perturbed interface using perturbation theory; and ͑iv͒ examine the solution and determine whether the interface perturbation will grow with time ͑unstable͒ or decay ͑stable͒.
A. Steady state solution for planar interface
Following the procedure outlined above, the steady state solution to Eq. ͑13͒ is found, subject to its boundary conditions: Eq. ͑14͒ at the top of the boundary layer ͑ zϭ1͒ and Eqs. ͑15͒ and ͑16͒ at the interface ͑zϭ0͒, assuming the interface to be planar. The corresponding steady state planar solution is
where Aϭ(1ϩ)/(1ϩϪe 
B. Perturbing the interface
A perturbation zϭ⑀(x,t) is imposed on the initially planar interface. The amplitude function (x,t)can be written in terms of ⑀ so that
For the weakly nonlinear analysis considered in this work, it is assumed that the perturbation amplitude is finite but small enough that all the terms of higher order greater than 3 can be neglected. Therefore,
Once the interface is perturbed the corresponding gas phase concentration field will also be perturbed. Thus,
where g͑x,z,t;⑀ ͒ϭ͓C͑ x,z,t;⑀ ͒, ⑀͑x,t;⑀͔͒ T . ͑22͒
According to the Fourier theory, 10, 11 an infinitesimal perturbation can be built up in terms of x as a superposition of sinusoidal waves with an arbitrary frequency :
when all higher-order terms in ⑀ are neglected and only the first-order term is retained. In Eq. ͑23͒ 11 is a constant, and a 0 is the linear growth rate satisfying
In order for the above solutions to satisfy the boundary conditions at the interface,
where the spatial and time dependence of the quantities g n ͑nϭ1, 2, 3͒ are to be determined, 21, 42 A(t) is an unknown amplitude associated with interface growth rate, and g i j (z)
T . The growth rate of the interface,
where a 0 is the linear growth rate and a 1 is the third-order growth rate, usually referred to as the Landau coefficient.
C. Linear perturbation analysis
For the linear perturbation analysis, the imposed perturbation is assumed to have an infinitesimal amplitude, such that only the first-order term in Eq. ͑21͒ needs to be retained and Eqs. ͑23͒ and ͑24͒ result. The approximate solution for the concentration field should have a form similar to the perturbation at the interface, that is,
Expressions ͑23͒ and ͑30͒ are substituted into the governing Eq. ͑13͒ and the corresponding boundary conditions at the top of the boundary layer Eq. ͑14͒, and at the interface, Eqs. ͑15͒ and ͑16͒. Taylor series is used to expand the boundary conditions at the interface about zϭ0. Retaining only the terms of the first order in ⑀ and neglecting all higher-order terms, one obtains from the governing equation ͑13͒ and boundary conditions ͑14͒ and ͑15͒
C 11 ͑ 1 ͒ϭ0, ͑31b͒
where the differential operator is Dϵd/dz, and Q 11 ϭ(1 ϩ)B Pe. On solving Eqs. ͑31͒ an expression for C 11 (z) is obtained: 
D. Nonlinear perturbation analysis
In Sec. III, the stability of the planar interface solution of the basic Eqs. ͑13͒-͑16͒ to the linearized perturbation equations ͑infinitesimal disturbances͒ is examined. In this section, the stability of the planar interface solution to finite amplitude disturbances satisfying the full nonlinear perturbation equations is investigated. Equations ͑21͒-͑28͒ are substituted into the governing equation and boundary conditions ͑13͒-͑16͒, and the interface boundary conditions are expanded in a Taylor series about zϭ0 and then required to satisfy Eqs. ͑13͒-͑16͒ for each order of ⑀. Algebraic manipulations then yield systems of linear ordinary differential equations for each order of ⑀.
The formulation and solution of the O(⑀)problem has already been derived and is reported in the linear perturbation analysis section. The eigenvalue a 0 is given by Eq. ͑35͒. respectively, where Q 31 ϭ(1ϩ) BPe, and R 31 and S 31 are presented in the Appendix. There are two methods which can be used to solve for the Landau coefficient a 1 and thus obtain C 31 (z) and 31 . One is the direct method using undetermined coefficients, 43 while the other method uses the adjoint problem of the O(⑀) system. 21 In the present work the more straightforward direct method is used to solve the third-order system. 24 Solving
Eqs. ͑42͒ for C 31 (z;a 0 ) by the method of undetermined coefficients, the following resulting equations are obtained: respectively. It may be concluded that DC 31 (0;0) is continuous when a 0 ϭ0 as well since 11 is well behaved at that limit. The following result is therefore obtained for the Landau constant, a 1 , in the limit a 0 →0:
where the primed quantities are evaluated in the limit as a 0 →0, and It is instructive to note that applying the direct method with a 0 ϭ0 from the outset is probably the simplest way to compute the Landau-type constants. 24 Once a 1 is calculated C 31 (z) may then be determined. The growth rate of the disturbance amplitude for the nonlinear case is a function of both a 0 and a 1 , as can be seen in Eq. ͑29͒. In order to determine whether the interface will be stable to a finite/infinitesimal amplitude perturbation, the behavior of A(t) is observed as t→ϱ. Four cases exist based on different signs of a 0 and a 1 , and these are listed in Table  I .
To investigate the diamond growth interface stability, several calculations were performed for different reactor temperatures, and pressures; first, calculations were carried out for different reactor temperatures at a constant pressure to examine the effect of temperature on morphological stability of films. Then, calculations were conducted at different reactor pressures with a constant temperature to explore the effect of pressure on the uniformity of the deposited diamond film. The four different values of pressure used in this work are 5, 30, 60, and 760 Torr, and four gas temperatures employed in the computations are 800, 1200, 1800, and 2300 K. The values of pressure and temperature used in this work are typical of the range used during diamond CVD.
IV. RESULTS AND DISCUSSION
A number of calculations were performed to examine the effects of system variables such as reactor temperature and reactor pressure on the morphology of the deposition layer. The results are categorized based on the variation of the system variables, namely gas temperature and pressure.
First, the linear stability factor, a 0 , is plotted in Figs. 2͑a͒-2͑d͒ as a function of effective gas-phase temperature for various dimensionless disturbance wave numbers, at constant pressures of 5, 30, 60, and 760 Torr, respectively. The mole fraction of CH 3 at the top of the boundary layer is taken to be 0.0015 in Figs. 2͑a͒-2͑d͒ ; this value is used since it is a typical value predicted for CH 3 at the top of the bound- ary layer during diamond CVD in highly convective systems. 9 As is evident from Fig. 2͑a͒-2͑d͒ , a 0 is positive and increases with increasing pressure and decreasing temperature, indicating increasing linear instability. Even in highly convective diamond deposition systems such as those considered here, diamond growth is mass transfer limited. 9, 33 Although the gas is transported rapidly by convection to the top of the boundary layer, species such as H and CH 3 must still diffuse through this layer to the surface. A measure of this transport rate is the Damköhler number, Da, which is the ratio of the time scale of mass diffusion through the boundary layer to the time scale characteristic of the surface reaction kinetics. This parameter may be much greater than unity even in highly convective diamond CVD systems such as dc arcjet or combustion torch. 33 The mass diffusion limitation increases with increasing pressure and decreasing temperature, and a 0 increases as a result. Due to the faster surface kinetics compared to reactants' diffusion and nearly negligible surface diffusion of species on the diamond growth interface, 9 the reactant species do not have time to rearrange or move about on the surface before they are incorporated into the diamond lattice, and this results in morphological instability. The effect of surface diffusion on the stability is represented by the term Ϫ␤ 4 in Eq. ͑35͒. The term has a very strong stabilizing effect on the high wave number ͑that is, short wavelength͒ disturbances, becoming dominant as →ϱ, but its effect is negligible for small wave number disturbances. A plot of a 0 versus the dimensionless disturbance wave number is shown in Fig. 3 for an effective gas temperature of 1200 K, pressure of 60 Torr, and a CH 3 mole fraction of 0.0015 at the top of the boundary layer. It can be seen from Fig. 3 that there exists a most unstable wave number, max ( max ϭ8.74ϫ10 4 in Fig. 3͒ , at which a 0 will have a maximum value for a given pressure and temperature, and a wave number, 0 ( 0 ϭ1.24ϫ10 5 in Fig. 3͒ , at which a 0 ϭ0, as shown in Fig. 3 . As indicated in Fig. 3 , for the conditions considered here a 0 Ͼ0 for all Ͻ 0 , a 0 ϭ0 at ϭ 0 , and a 0 Ͻ0 for all Ͼ 0 . Increasing the wave number of the disturbance at constant pressure and temperature increases linear instability at wave numbers less than max , as shown in Figs. 2͑a͒-2͑d͒ . Therefore it may be concluded that, when the process is mass transfer limited, the disturbance becomes more unstable as: ͑a͒ pressure increases for constant temperature and wave number, ͑b͒ effective gas temperature decreases at constant pressure and wave number, and ͑c͒ wave number increases at constant pressure and temperature, provided that Ͻ max .
To investigate neutral stability, a 0 is set to zero in Eq. ͑35͒. The characteristic velocity ͑V 0 ), and the characteristic concentration of CH 3 species at the top of the boundary layer ͑C c ), are determined using Eqs. ͑18͒ and ͑35͒ for specific values of the perturbation wave number for the condition a 0 ϭ0; as illustrated schematically in Fig. 4 , the neutral stability condition is achieved when C c has an absolute minimum at ϭ c . This concentration is called the critical concentration, C crit , and the corresponding interface velocity is called the critical velocity, V crit . The critical velocity, critical concentration, and c are then used to calculate the Landau coefficient, a 1 , using Eq. ͑46͒. Note that the solutions obtained for V 0 and C c when a 0 ϭ0 are unique for a particular value of .
In the plot of C c vs 2 shown in Fig. 4 , the neutral curve, or curve of marginal stability of Eq. ͑35͒ on which a 0 ϭ0, separates the region of instability ͑a 0 Ͼ0͒ from that of stability ͑a 0 Ͻ0).It may be seen in Fig. 4 that for CϽC crit , there exist no wave numbers, , such that a 0 Ͼ0, and that for CϾC crit , there exists a band of wave numbers corresponding to growing disturbances. This means that for CϾC crit the system is unstable for a band of wave numbers ( s1 Ϫ s2 ) and for CϽC crit , the system is stable. Note that for a concentration C 2 , the system is unstable for all Ͻ s2 . The concentration of CH 3 at the top of the boundary layer during a typical diamond CVD process is usually much greater than the critical concentration for typical diamond CVD conditions and are such that a 0 Ͼ0 for Ͻ s2 since s1 ϭ0 at the diamond growth reactor pressures and temperatures considered in this work. The dimensionless values of s2 for the temperature and pressure used in this work are in the range 10 4 -10 6 . To analyze the stability of the planar interface solution to finite amplitude perturbations the signs of a 0 and a 1 in the amplitude equation must be determined. It has already been shown that a 0 Ͼ0 for CϾC crit and Ͻ s2 , a 0 ϭ0 if C is such that it lies on the marginal stability curve, and a 0 Ͻ0 for CϽC crit . The sign of a 1 will be determined by Eq. ͑46͒. In this equation it is clear that a 1 is a function of c , V crit , and C crit . The Landau constant, a 1 , is then calculated from the critical parameters. A plot of C crit , V crit , and c as functions of effective gas temperature for various values of pressure are given in Figs. 5, 6, and 7, respectively.
A. Effect of reactor pressure
Four sets of calculations at pressures 5, 30, 60, and 760 Torr were performed for each of the effective gas temperature values 800, 1200, 1800, and 2300 K. As is evident from Fig. 5 , the critical concentration, C crit , beyond which a 0 Ͼ0 for Ͻ s2 , decreases with increasing pressure. Since the critical concentration, C crit , is much less than the concentration of CH 3 at the top of the boundary layer, the mag- nitude of positive a 0 will increase with increasing pressure, indicating more linear instability to infinitesimal disturbances, provided the wave number of the disturbance is less than s2 . From Figs. 6, and 7, it is clear that the critical velocity, V crit , decreases with increasing pressure at constant temperature, and critical wave number c increases with increasing pressure at constant temperature.
It is clear from the model formulation that the dynamic behavior of the diamond growth interface depends on the magnitudes of the reactants' gas-phase diffusivity, surface kinetics, and surface diffusion. Surface diffusion, with a magnitude characterized by ␤, is the interface stabilizing factor. The terms containing the Peclet number, Pe, which is a function of gas-phase diffusivity, have a positive sign in the linear stability equation for a 0 , Eq. ͑35͒. Thus, as gas-phase diffusivity decreases ͑greater mass transfer limitation͒ with increasing pressure and/or decreasing temperature, the greater the instability in the diamond interface. As discussed earlier, even highly convective diamond CVD processes can be mass transfer limited within the boundary layer because the Damköhler number is greater than unity for important species such as H and CH 3 . For constant temperature and increasing pressure, ␤ increases, suggesting higher interface stability. Also, at higher pressures Pe is larger, indicating lower gas-phase diffusivity which has a destabilizing effect on the interface stability. Therefore, for diamond deposition the value of a 0 increases with pressure, resulting in greater instability despite the increased ␤ values. This may be due to a more profound effect of the lower gas-phase diffusivity than increased ␤ values on a 0 .
The value of the Landau coefficient, a 1 , increases with increasing pressure, although its sign is negative for pressures of 5, 30 and 60 Torr. At 760 Torr, a 1 is positive and this is indicated by the open symbols in Fig. 5 . Such a trend for a 1 implies that the nonlinear analysis predicts greater stability to finite amplitude disturbances with an increase in pressure. The Landau coefficient, a 1 , increases with increasing pressures, because the effect of the increase in the stabilizing factor, ␤, is more pronounced in the expression for a 1 than in the expression for a 0 .
Therefore, it may be concluded that the diamond interface is morphologically unstable for both infinitesimal and finite amplitude disturbances at pressures of 5, 30, and 60 Torr. The diamond interface will only be stable to finite amplitude disturbances at a pressure of 760 Torr although the linear instability to infinitesimal disturbances is greater at 760 Torr than at lower pressures because a 0 is more positive at higher pressures than at lower pressures. The plot of the interface velocity, V 0 , as a function of temperature at different pressures ͑Fig. 8͒ indicates that diamond has a higher growth rate at higher pressures.
B. Effect of temperature
It may be seen in Fig. 5 that C crit increases with increasing temperature, and as a result the magnitude of the instability decreases because of the decrease in a 0 with increasing temperature. However, for these conditions all values of a 0 are positive so that the effect of temperature on C crit is the degree to which the interface is unstable. The critical velocity, V crit , also increases with temperature at constant pressure, while the critical wave number, c , decreases with increasing temperature at constant pressure as may be observed in Figs. 6 and 7, respectively. The Landau coefficient, a 1 , increases with increasing temperature, indicating increased stability to finite amplitude disturbances. As temperature is increased there is a commensurate increase in both linear and nonlinear stability because both ␤ and D i increase; the effects of enhanced surface and gas-phase diffusion lead to increased stability to both finite and infinitesimal disturbances. Although morphological stability increases with increasing temperature, the interface growth velocity decreases at higher temperatures ͑Fig. 8͒ because the concentration of gaseous precursor species decreases at higher temperatures.
Since a 0 is positive for all temperatures, pressures, and gas compositions considered here, it may be concluded that diamond growth is morphologically unstable to infinitesimal disturbances. Diamond growth is also unstable to finite amplitude disturbances at all pressures considered except at 760 Torr, although the instability to infinitesimal disturbances increases with increasing pressure. The linear and nonlinear stability analysis results confirm numerical calculations demonstrating that diamond film growth is morphologically unstable for all pressures and temperatures characteristic of diamond CVD. 9 Also, both linear and nonlinear analyses predict decreased instability with increasing temperature at constant pressure. When the temperature is held fixed, nonlinear analysis predicts decreased instability with increasing pressure and linear analysis predicts increased instability with increasing pressure.
Diamond interface instability may result in the formation of the ''fingerlike'' diamond morphology observed by Ravi, 36 in which the taller regions shadow the shorter regions. Once formed, these projections are enhanced because they experience higher temperatures and reactant concentrations; thus, these processes may be magnified with time, resulting in extremely complex diamond film morphologies. These mechanisms of competitive shadowing and nutrient starvation are a dramatic feature of high growth rate diamond synthesis. 36 In order to promote film uniformity and prevent thermal instabilities, it is proposed that higher reactor effec- tive temperatures should be used. Such a categorical statement cannot be made about the reactor pressure because the nonlinear and linear analyses predict decreasing and increasing instability with increasing pressures, respectively.
V. CONCLUSION
The analysis of the morphological stability of a solidgas interface under diffusive transport of reactants to the interface is presented using linear and nonlinear perturbation theories. Unlike previous analyses, the model in this work includes all possible effects, including reactants' gas-phase diffusivity, surface diffusion, and surface kinetics. The Landau coefficient, or the nonlinear growth rate, is calculated using the direct method of undetermined coefficients. Perturbation theory is applied to investigate the stability of the diamond growth interface during diamond CVD. The linear stability analysis results obtained suggest increased instability of the diamond growth interface to infinitesimal disturbances in the interface, although the interface growth velocity increases at higher pressures and lower temperatures. There is a tradeoff between film uniformity and the diamond growth rate that can be achieved. Nonlinear analysis results suggest increased instability of the diamond interface to finite amplitude disturbances at lower reactor pressures and lower temperatures. It is found that the stabilizing effect of surface diffusion increases with increasing pressure, although the reactant gas-phase diffusivity decreases and this has an overall destabilizing effect on film uniformity. Increased stabilizing effects at higher pressures have a more pronounced effect on the nonlinear growth rate than the increased destabilizing effect, thereby making the growth interface more stable to finite disturbances at higher pressures. The converse is true for linear growth rate. The stabilizing effect of surface diffusion increases, and the destabilizing effect of mass transfer limitation decreases as the temperature increases. Therefore, the growth interface is more stable to both infinitesimal and finite disturbances as the temperature increases, although the growth velocity decreases at higher temperatures.
